Abstract-The Mu2e experiment is constructing a calorimeter consisting of 1,348 un-doped CsI crystals in two disks. Each crystal has a dimension of 34×34×200 mm 3 , and is readout by a large area SiPM array. A series of technical specifications on mechanical and optical parameters was defined according to the calorimeter physics requirements. Pre-production CsI crystals were procured from three firms: Amcrys, Saint-Gobain and SIC. We report the quality assurance on crystal's scintillation properties and their radiation hardness against ionization dose and neutrons. With a fast decay time of about 30 ns and a light output of more than 100 p.e./MeV measured by a bi-alkali PMT, un-doped CsI crystals provide a cost-effective solution for Mu2e.
I. INTRODUCTION
IMING at exploring lepton flavor violation, the Mu2e experiment [1] is constructing a calorimeter consisting of 1,348 un-doped cesium iodide (CsI) crystals of 34×34×200 mm 3 readout by a large area Silicon Photomultipliers (SiPM) array [2] . With a fast decay time of about 30 ns and a light output of more than 100 p.e./MeV measured by a bi-alkali PMT, un-doped CsI crystals provide a cost-effective solution for Mu2e. Technical specifications are defined for crystals quality assurance according to physics requirements:
• Crystal dimension: ±100 µm; • Light output (LO) in 200 ns: > 100 p.e./MeV; • FWHM Energy resolution for Na-22 peaks: < 45%; • Light response uniformity (LRU): < 5%; • Fast (200 ns)/Total (3,000 ns) Ratio: > 75%; • Radiation Induced Noise (RIN) @1.8 rad/h: < 0.6 MeV; • Normalized LO after 10/100 krad > 85/60%.
In this paper, we report quality assurance on preproduction CsI crystals procured from three vendors: AMCRYS, SaintGobain (S-G) Corporation and Shanghai Institute of Ceramics (SIC). While scintillation properties, such as LO, FWHM energy resolution, LRU, F/T ratio and RIN, were measured for all crystals, radiation hardness was measured for selected samples. The measured data are compared to the Mu2e technical specifications. Scintillation properties are measured at seven points along the crystal wrapped with two layers of Tyvek paper of 150 μm by a bi-alkali PMT via an air gap coupling in 200 ns integration time. LO and FWHM resolution are the average of seven points. LRU is the rms of seven points. The F/T ratio is measured at the point of 2.5 cm to the PMT, from which the F/T ratio is determined [3] .
III. BASIC SCINTILLATION PROPERTIES AND THEIR CORRELATIONS
Figs. 2, 3, 4, 5, and 6 show the LO, FWHM energy resolution, LRU, the F/T ratio, and RIN respectively for 36 crystals together with the specifications (red dashed lines). While Amcrys crystals show the best LRU, S-G crystals show the best F/T ratio and overall consistency, and SICCAS shows the best light output and energy resolution. Most preproduction crystals satisfy Mu2e specifications. About half Amcrys crystals failing the F/T ratio and RIN specification and a few crystals from SICCAS failing the LRU specification. Fig. 7 shows an excellent correlation between RIN and the F/T ratio, confirming our early observation that radiation induced noise is originated from the slow scintillation component in un-doped CsI crystals. Fig. 8 shows LO in 200 gate (top) and corresponding LO values normalized to before irradiation (bottom) as a function of the ionization dose for two randomly selected crystals from each vendor. It is clear that all crystals satisfy the Mu2e radiation spec of more than 60% LO after 100 krad. The results also show that most crystals have more than 100 p.e./MeV after 100 krad, indicating that the effect of the LO degradation is well under control. One Saint-Gobain crystal does not meet radiation damage spec after 10 krad but meets that after 100 krad. IV. SUMMARY 72 preproduction CsI crystals from AMCRYS, S-G and SIC are characterized at Caltech and LNF, and are compared to the Mu2e specifications. AMCRYS crystals have the best uniformity, but the poorest light output, FWHM energy resolution and F/T ratio. About half AMCRYS crystals do not meet the F/T specification. Saint-Gobain crystals have the best F/T ratio and overall consistency. One Saint-Gobain crystal does not meet radiation damage spec after 10 krad but meets that after 100 krad. SIC crystals have the best light output and energy resolution, but the poorest uniformity. Two SIC crystals do not meet the uniformity specification.
Correlations are observed between the LO, the resolution and the F/T ratio, indicating the importance of slow component control, which is believed to be raw material purity and defects related [3] . Correlations are also observed between the dark current, the radiation induced current/noise and the F/T ratio, enhancing the need to control the F/T ratio.
Most crystals have LO larger than 100 p.e./MeV after 100 krad, promising a robust CsI calorimeter for the Mu2e experiment at Fermilab. Correlation are also observed between the variations of the EWLT and the LO, indicating that a light monitoring system is useful for the Mu2e CsI calorimeter to correct variations of the LO by measuring variations of crystal's transparency.
